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(7) ABSTRACT

A system for recording and reading out holograms in a
storage medium comprising a pattern encoder, a first fourier
transform lens with a focal length f,, a second fourier
transform lens with a focal length £,, a detector array, and a
first and second prism. The first prism is located between the
pattern encoder and the first fourier transform lens, wherein
the optical length between the pattern encoder and the first
fourier transform lens through the first prism is equal to a
back focal length BFL,. The second prism located between
the second fourier transform lens f, and the detector array,
wherein the optical path length between the second fourier
transform lens and the detector array through the second
prism is equal to a back focal length BFL,.
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SYSTEM AND METHOD FOR HOLOGRAPHIC
STORAGE WITH OPTICAL FOLDING

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 60/358,322 filed on Feb. 19, 2002,
which is incorporated by reference herein in its entirety.

TECHNICAL FIELD

[0002] The present invention relates to the general field of
holographic storage systems and methods. More specifically
the invention relates to a system and method for holographic
storage with optical folding.

BACKGROUND

[0003] General holographic storage systems are discussed
in “Holographic Memories”, by Demetri Psaltis et. al.,
Scientific American, November 1995, which is hereby incor-
porated by reference. Holography is also discussed in the
text Holographic Data Storage, by H. J. Coufal, D. Psaltis,
and G. T. Sincerbox, Eds., copyright 2000, Springer-Verlag
which is hereby incorporated by reference. The basic prin-
ciples of holography involve the recording of an interference
pattern formed between two beams of light, referred to as an
object beam and a reference beam. The object beam is
encoded with data in a two dimensional pattern. The refer-
ence beam is used to form the interference pattern with the
encoded object beam and is subsequently used to reconstruct
the data by illuminating the recorded pattern.

[0004] There are several typical holographic storage
geometries and imaging systems. A Fourier-plane, or 4-F,
geometry is one such imaging system, where the spatial light
modulator is Fourier-transformed-onto the holographic
material and the reconstruction in turn is Fourier-trans-
formed onto the detector array. In this architecture, a first
fourier transform lens of focal length f; is inserted between
the spatial light modulator and the holographic storage
media, and a second similar fourier transform lens of focal
length f, is inserted between the holographic storage media
and the detector array. The spatial light modulator and the
first principal plane of the first lens are separated by a
distance f,, and the second principal plane of the first lens
and holographic storage media are separated by a distance
f,. On the detector side of the storage media, the holographic
storage media and the second principal plane of the second
lens are separated by a distance f,, and the first principal
plane of the second lens and the detector array are separated
by a distance f,. Thus, the principal planes of the two lenses
are separated by the sum of their focal lengths, with a 2-D
input and output plane located one focal length in front of
and behind the lens pair. The magnification of the 4-F system
is given by £,/f;. 4-F systems are described in Holographic
Data Storage, by H. J. Coufal, D. Psaltis, and G. T. Sincer-
box, Eds., pages 28-30 and 429-431, copyright 2000,
Springer-Verlag. The distance between the spatial light
modulator and the first fourier transform lens, and the
distance between the second fourier transform lens and the
detector array is commonly referred to as the back focal
length (or BFL). In certain designs, high performance fou-
rier transform lens are utilized which operate with a high
modulation transfer function. Such lenses provide a high
signal-to-noise ratio at the storage medium and the detector
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array, resulting in a lower bit error rate at readout. However,
the back focal length of such lenses is large, requiring a
larger physical space in prior art 4-F systems.

[0005] FIG. 10 illustrates the basic setup of a typical prior
art 4-F holographic system. The holographic storage system
700 includes a laser light source 710. The coherent light
from the laser light source 710 is split into a reference beam
and an object beam. The reference beam and object beam are
directed to a holographic storage medium to record and
recall holographic information. Light generated by laser
light source 710 is directed to a beam splitter 715, such as
a beam splitter cube, which splits the light from laser light
source 710 into a reference beam 720 and an object beam
725. Reference beam 720 is reflected by a turning mirror 730
to a lens 735.

[0006] Object beam 725 is directed to a turning mirror 745
which directs the object beam to a pattern encoder 755,
which encodes the object beam with data. The object beam
is then directed to a holographic storage media 750 with a
lens 780 of focal length f;. Pattern encoder 755 may be a
spatial light modulator (“SLM”), or any device capable of
encoding the object beam, such as a fixed mask, or other
page composer. The pattern encoder 755 receives digitized
data and imposes that pattern onto the object beam 725, such
that the object beam 725 comprises an array of dark and light
spots. The encoded object beam 725 is then directed to lens
780 that focuses the encoded object beam 725 to a particular
site on the holographic storage media 750. Pattern encoder
755 is located a distance BFL,, (back focal length) from lens
780, and holographic storage media 750 is located a distance
FFL, , (front focal length) from lens 780.

[0007] During readout of holograms previously stored in
the holographic storage media 750, object beam 725 is
blocked from transmission and a reference beam is projected
at the same angle to the same spot on the holographic storage
medium on which the desired information was previously
stored. Diffraction of the reference beam with the previously
stored hologram generates a reconstruction beam 782 that
reconstructs the previously stored hologram. The recon-
structed beam is transmitted towards imaging lens 784
directs and images the reconstruction beam onto the plane of
the optical detector 786. Imaging lens 784 has a focal length
f,. Imaging lens 784 is located a distance FFL, from holo-
graphic storage media 750, and optical detector 786 is
located a distance BFL, from imaging lens 784. Optical
detector 786 may be a conventional photodiode array, charge
coupled device or other suitable detector array that trans-
forms the encoded page into digitized data.

[0008] Although the prior art 4-F holographic systems
offer the ability to accurately store holograms within a
holographic storage media, there are disadvantages to exist-
ing systems. Existing systems require that the pattern
encoder, first fourier transform lens, holographic storage
media, second fourier transform lens, and optical detector be
separated by a distance approximately f, requiring a certain
physical space to house the optical components. Such sys-
tems often do not fit in standard drive envelopes.

[0009] Thus, there has been a need for improvements in
the design of holographic storage systems. More specifi-
cally, there has been a need for more compact holographic
storage systems.
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SUMMARY OF THE INVENTION

[0010] The present invention provides a solution to the
needs described above through a system and method/for
holographic storage with optical folding.

[0011] In a first embodiment of the invention, the inven-
tion presents a system for recording and reading out holo-
grams in a storage medium. The system comprises a pattern
encoder, a first fourier transform lens with a focal length £,
a second fourier transform lens with a focal length f,, a
detector array, a first prism located between the pattern
encoder and the first fourier transform lens, and a second
prism located between the second fourier transform lens and
the detector array. The optical length between the pattern
encoder and the first fourier transform lens through the first
prism is equal to the back focal length BFL,, and the optical
path length between the second fourier transform lens and
the detector array through the second prism is equal to the
back focal length BFL,.

[0012] A further embodiment of the invention presents a
method for directing an object beam in a holographic system
to a storage medium. The method comprises encoding an
object beam with data utilizing a pattern encoder and
directing the encoded object beam to a fourier transform lens
with focal length f; from the pattern encoder through a
prism, where the optical path length between the spatial light
modulator and the fourier transform lens through the prism
is equal to back focal length BFL,. The encoded object beam
is then fourier transformed to a holographic storage medium
located a distance equal to front focal length FFL; from the
fourier transform lens.

[0013] An embodiment of the invention presents a further
method for directing a reconstruction beam in a holographic
system to a detector array. The method comprises directing
a reconstruction beam from a holographic storage medium
to a fourier transform lens with focal length f, and fourier
transforming the light beam to a detector array located a
distance equal to back focal length BFL, from the fourier
transform lens. The light beam is directed from the fourier
transform lens to the detector array through a prism, where
the optical path length between the fourier transform lens
and the detector array though the prism is equal to back focal
length BFL,.

DESCRIPTION OF THE DRAWINGS

[0014] The features and advantages of the system and
method of the present invention will be apparent from the
following description in which:

[0015] FIG. 1 illustrates an embodiment of the invention
for holographic storage with optical folding.

[0016] FIG. 2 illustrates an illumination prism with an
attached auxiliary prism.

[0017] FIG. 3 illustrates a Schmidt prism used to optically
fold an optical path.

[0018] FIG. 4 illustrates a prism used to optically fold a
reconstruction beam optical path.

[0019] FIG. 4A is an unfolded prism diagram illustrating
the prism shown in FIG. 4.

[0020] FIG. 5 illustrates a system utilizing a rhomboid
prism used to optically fold a light beam the optical path.
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[0021]
FIG. 5.

[0022] FIG. 7 illustrates a Schmidt prism used to fold an
optical path.

[0023] FIG. 8 illustrates simulation results of an SLM
output beam and rectangular ruled aperture lens.

[0024] FIG. 9 illustrates simulation results of SLM output
beam and ruled lens physical aperture.

FIG. 6 illustrates the rhomboid prism shown in

[0025] FIG. 10 illustrates the basic setup of a typical prior
art 4-F holographic system.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0026] The present invention provides a solution to the
needs described above through a system and method for
holographic storage with optical folding. The present inven-
tion utilizes optical folding to reduce the space requirements
of a holographic system.

[0027] Still other embodiments of the present invention
will become apparent to those skilled in the art from the
following detailed description, wherein is shown and
described only the embodiments of the invention by way of
illustration of the best modes contemplated for carrying out
the invention. As will be realized, the invention is capable of
modification in various obvious aspects, all without depart-
ing from the spirit and scope of the present invention.
Accordingly, the drawings and detailed description are to be
regarded as illustrative in nature and not restrictive.

[0028] Referring to FIG. 1, a diagram of a basic configu-
ration utilizing an embodiment of the invention for holo-
graphic storage with optical folding is shown. In an embodi-
ment of the invention, the invention relates to the design of
the object arm of a 4-F holographic data storage system. In
particular, the invention describes the precision folding of
the optical path between an input device (a pattern encoder,
such as a spatial light modulator, or SLM) and the first
Fourier Transform (FT) lens, and between the second FT
lens and the output device (a detector array, such as an
electronic camera). In addition to folding the optical path,
the invention describes how polarization is controlled into
and out of the SLM. The object arm comprises an illumi-
nation path through which an unencoded object beam is
directed that provides the polarization control function and
directs the beam to a SLM for encoding, and an imaging path
that images the diffracted orders of the SLM data in the
holographic media during recording and re-images the data
at the detector array upon readout.

[0029] The holographic storage system of the present
invention may be constructed using discrete optical compo-
nents, such as lasers, lenses, prisms and mirrors. Coherent
light from the laser light source is split into a reference beam
and an object beam. The reference beam and object beam are
directed to a holographic storage medium where they inter-
fere to record a hologram. The laser and reference beam
optics are not shown. Each hologram is often referred to as
a “page,” and typically comprises a two-dimensional array
of data bits. Several pages can be stored at one location on
the holographic storage medium utilizing multiplexing tech-
niques. For example, the reference beam may be stepped
through a series of angles to implement angle multiplexing.
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Angle multiplexing and other associated multiplexing tech-
niques are discussed in Holographic Data Storage, by H. J.
Coufal, D. Psaltis, and G. T. Sincerbox, Eds., pages 21-62,
copyright 2000, Springer-Verlag, which is hereby incorpo-
rated by reference.

[0030] In an embodiment of the invention, the object arm
of the holographic system includes a spatial light modulator
110, a fourier transform lens 114, a prism 112 for folding the
optical path length between the spatial light modulator 110
and fourier transform lens 114. In a further embodiment of
the invention, as shown in FIG. 1, the holographic system
illumination path comprises an illumination prism 124
located between the spatial light modulator 110 and prism
112. Referring to FIG. 2, illumination prism may also have
an attached auxiliary prism. [llustrated in FIG. 1, the camera
arm of the holographic system includes an imaging lens 118,
a detector array 122, and a prism 120 for folding the optical
path length between the imaging lens 118 and the detector
array 122. Detector array 122 may be a charged coupled
device or CMOS array device.

[0031] Fourier transform lens 114 and fourier transform
lens 118 are similar, having focal lengths f; and f,. Lens 114
and lens 118 are placed in a 4-F configuration. The principal
planes of the two lenses are separated by the sum of their
focal lengths, with a 2-D input and output plane located one
back focal length in front of and behind the lens pair. In this
architecture, a lens 114 is inserted between the spatial light
modulator and the holographic storage media 116, and lens
118 is inserted between the holographic storage media 116
and the detector array 122. The optical path length between
spatial light modulator 110 and lens 114 is equal to a
distance BFL,, and the lens 114 and holographic storage
media 116 are separated by a distance FFL,. On the detector
side of the storage media, the holographic storage media 116
and lens 118 are separated by a distance FFL,, and the
optical path length between lens 118 and detector array 122
is equal to the distance BFL,. In an embodiment of the
invention, lens 114 and lens 118 are Fourier lenses with
similar focal lengths.

[0032] During recording of holograms, light generated by
a laser light source is directed to a beam splitter, such as a
beam splitter cube, which splits the light from laser light
source into a reference beam and an object beam 101. The
reference beam is directed to the holographic storage media
116 using techniques well known to those of ordinary skill
in the art. For example, the reference beam may be reflected
by turning mirrors to a lens that images the reference beam
onto the holographic storage media 116. The object beam
101 is directed to illumination prism 124, which directs the
object beam to a pattern encoder 110, which encodes the
object beam with data. Pattern encoder 110 may be a spatial
light modulator (“SLM”), or any device capable of encoding
the object beam, such as a fixed mask, or other page
composer. In a preferred embodiment, an SLM is utilized.
Such pattern encoding is typically amplitude encoding. The
pattern encoder (hereinafter referred to as a SLM) 110
receives digitized data and imposes that pattern onto an
object beam, such that the object beam comprises an array
of dark and light spots.

[0033] In an embodiment of the invention, illumination
prism 124 is a 30-60-90 degree total internal reflection (TIR)
prism with polarization control. The illumination path, in
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this case, utilizes illumination prism 124 for folding the
optical path and providing polarization control. TIR prisms
are often used in microscope eyepieces to change the line of
sight from vertical to 45 degrees. Such applications are
discussed in Modern Optical Engineering, by Warren Smith,
Second Edition, McGraw-Hill 1990, page 111, which is
hereby incorporated by reference. Additionally, TIR prisms
have been used in monocular and binocular headsets for
illumination and polarization control of reflective LCD’s.
Such applications are discussed in “Optical Characteristics
of a High Performance LCOS Virtual Display,” Paper 7.1,
Proc. SID International Symposium, June 2001, which is
hereby incorporated by reference, and in U.S. Pat. No.
6,204,975, entitled “Reflective micro-display system.”
These headset systems require extra dielectric coatings and
diachronic and/or wire-grid polarizers to control the polar-
ization of large-angled skew rays (i.e. rays that do not lie in
a plane containing the optical axis) over a large wavelength
range (approximately 470-630 nm). In the holographic sys-
tem case, effectively none of the rays illuminating the LCD
are skew rays, and those leaving the LCD are only slightly
skew, significantly simplifying the requirements of the TIR
prism. Additionally, the holographic system will use one
wavelength to illuminate the SLM, further simplifying the
prism.

[0034] Referring to FIG. 2, further detail of illumination
prism 124 is illustrated. Illumination prism 124 comprises a
primary prism 209 and an auxiliary prism 210. Coated
surface 206 acts as a polarizing beam-splitter. Coated sur-
face 206 contains a dielectric coating which reflects s-po-
larized light and transmits p-polarized light, both with high
efficiency (Rs>95%, Tp>90%), in the bandwidth of interest
(e.g. 530-535 nm or 405-460 nm) at angles of incidence
20-40 degrees. Coated surface 206 is generally more effi-
cient at reflecting s-polarized light than it is transmitting
p-polarized light. In an alternative embodiment, the dielec-
tric coating can also be replaced with a wire grid polarizer,
consisting of thin wires on glass that perform the same
function as the dielectric coating described above. Such wire
grid polarizers are available from Moxtek Corporation.
Auxiliary prism 210 is attached to the coated surface of the
primary (or TIR) prism. Auxiliary prism 210 corrects for
astigmatism in the imaging path introduced by the TIR prism
209. Auxiliary prism 210 and TIR prism 209 have matching
indices of refraction. Auxiliary prism 210 is joined to TIR
prism 209 using an optically transparent glue available from
Norland Corporation. The glue has an index of refraction
close to the index of refraction of TIR prism 209 and
auxiliary prism 210. When joined, the auxiliary prism 210
and TIR prism 209 form a cube or rectangular structure so
that the entire SLM output beam travels an equal path length
through the structure. Without auxiliary prism 210, astig-
matism in the SLM output occurs as a result of different
portions of the SLM output travelling different path lengths
in the TIR prism 209. In a further embodiment of the
invention, a polarizing beam splitter cube can be used in
place of the illumination prism 124.

[0035] The manner in which illumination prism 124 is
used to optically fold an unencoded light beam and control
polarization will now be described with reference to a light
beam 201 shown in FIG. 2. Light beam 201 is linearly
polarized, with polarization parallel to surface 204 (s-polar-
ized). A rotated half-wave plate placed in the path of a laser
light source and the illumination prism 124 may be utilized
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to achieve the desired polarization. Illumination prism 124
should be oriented with respect to light beam 201 such that
light beam 201 output from a laser light source enters side
202 at an angle normal (i.e. 90 degrees) to the surface of side
202, as shown in FIG. 2. In an embodiment of the invention,
the object beam is delivered along an axis near the plane of
the top surface of the drive envelope. Light beam 201
proceeds through primary prism 209 until it is reflected at
surface 204 due to total internal reflection. Light beam 201
remains s-polarized after reflection by surface 204 without
special coatings since light beam 201 does not contain skew
rays. Light beam 201 proceeds through primary prism 209
until it reaches coated surface 206. The s-polarized light
component of light beam 201 is reflected by coated surface
206, and proceeds to surface 204 at an angle normal to the
surface of side 204 where it exits primary prism 209 and
proceeds to SLM 110.

[0036] For proper hologram recording, the bright bits of
data transmitted by the illumination prism 124 and fourier
transform lens 114 must have a polarization, relative to the
media, that is s-polarized. Therefore the illumination prism
124 must be oriented such that the output light is s-polarized
with respect to holographic storage media 116. In an
embodiment of the invention, this requires the object beam
to pass through the PBS coating with p-polarization (for
SLM contrast) yet have s-polarization with respect to the
media. The orientation of the illumination prism 124 in this
embodiment satisfies both of these conditions.

[0037] SLM 208 encodes the object beam by transmitting
either bright or dark bits of data to produce an encoded
object beam 212. In an embodiment of the invention, a
reflective type liquid crystal on silicon SLM is utilized, such
as Display Tech light-caster ATV panel. For a bright bit of
data (1), the SLM simultaneously reflects and rotates the
polarization of the incoming light by 90 degrees (to p-po-
larization), and transmits it through the coated surface of the
prism. For a dark bit of data (0), the SLM reflects but does
not rotate the polarization of the light, and the light is
reflected off the coated surface of the prism and back into the
illuminator. For high SLM contrast, the more efficient s-po-
larization reflection is used to reject the dark bits of data out
of the imaging system. In this manner, illumination prism
124 is utilized to generate high SL.M contrast between dark
and bright SLM outputs.

[0038] Encoded object beam 212 proceeds from SLM 208
to primary prism 209 and enters side 204 at an angle normal
to the surface of side 204, as shown in FIG. 2. Light beam
212 proceeds through primary prism 209 until it reaches
coated surface 206 of primary prism 209. The p-polarization
component of encoded object beam 212 corresponding to
bright bits of data is transmitted through coated surface 206.
The s-polarization component of encoded object beam 212
corresponding to dark bits of data is reflected by coated
surface 206. The p-polarization component of encoded
object beam 212 proceeds through auxiliary prism 210 at an
angle normal to surface 214 where it exits auxiliary prism
210 and proceeds to prism 112.

[0039] Bright bits of data from the SLM are then passed to
the 4-F imaging system of the present invention. Referring
to FIG. 1, for proper imaging of SLM pixels to detector
array pixels (i.e. high modulation transfer function (MTF),
low field curvature and low distortion), a lens 114 and lens
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118 with long back focal length at the SLM and camera is
preferred. However, long back focal lengths require large
packaging spaces. To reduce the packaging space, the back
focal lengths are optically folded using prism 112 and prism
120. Centration errors are avoided by using prisms in place
of mirrors in air due to the high precision with which prism
angles can be fabricated.

[0040] On the SLM side of the holographic storage media
116, in one embodiment the prism 112 is a Schmidt prism is
utilized to fold the optical path. The Schmidt prism includes
a first surface 126, second surface 128, and third surface 130
as shown in FIG. 3. First surface 126 has a length C and
third surface 130 has a length F. First surface 126 and third
surface 128 intersect at edge D, and are separated by angle
0. In one embodiment of the invention, 0 is preferably
between 35 to 45 degrees to allow for compact packaging.
Third surface 130 is a mirrored surface. The manner in
which Schmidt prism 112 is used to optically fold the light
beam will now be described with reference to a light beam
127 shown in FIG. 3. Schmidt prism 112 should be oriented
with respect to light beam 127 such that light beam 127
output from prism 124 enters side 126 at an angle normal
(i.e. 90 degrees) to the surface of side 126, as shown in FIG.
3.

[0041] Light beam 127 proceeds through prism 112 a
distance B until it is reflected 90 degrees at surface 128 due
to total internal reflection and an angle of incidence of 6
degrees. Light beam 127 proceeds through prism 112 a
distance A until it is reflected by mirrored surface 130. Light
beam 127 then proceeds a distance A until it is reflected at
surface 126 due to total internal reflection. Light beam then
proceeds to surface 128 a distance B at an angle normal to
the surface of side 128 where it exits prism 112. In order for
rays not to vignette as they travel through the prism, the
index of refraction of the prism material is selected to be
high. In this case, the material was chosen to be SFL57
manufactured by Schott. The Schmidt prism allows the SLM
and illumination prism to be placed away from the reference
beam optics, thereby avoiding mechanical interference
between the two arms. Furthermore, the SLM is placed in a
near-normal relationship with holographic storage media
116 so that SLM components such as thermal electric
coolers are to the side of the 4-F imaging system as opposed
to near the top of the drive envelope, reducing space
requirements. The dimensions of Schmidt prism 112 are
designed so that as a result of the three reflections, the total
optical path length traveled by the object beam from the
SLM 110 through the illumination prism 124 and the prism
112 to the lens 114 is equal to the back focal length BFL, of
lens 114. For a required total optical path length L through
the Schmidt prism 112:

[0042] LA required total optical path length in
Schmidt prism 112

L=24+2B ©
[0043]
C sin(6) @
A=|Z|
( 2 ] sin(7—2r - 0)
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-continued
3
en °
B=sinf-<C—
-3
s11| 2 2

[0044] Solving 3 equations (@, @, @) with 3 unknowns
(A, B, C) produces:

ks
sin( = — 6
F=a (7% 0)
siaf 5 =3
[0045] where C and F determine the Schmidt prism

112 dimensions.

[0046] On the detector array side of the holographic
storage media 116, in one embodiment the prism 120 is a
TIR prism that folds the optical path of a reconstruction
beam. The TIR prism allows the camera electronics pack-
aging to be parallel (or near parallel) to the base of the drive
envelope housing the holographic system. In this embodi-
ment, the camera package is parallel to the drive envelope,
reducing space requirements and therefore allowing for a
more compact drive.

[0047] The manner in which prism 120 is used to optically
fold the reconstruction beam will now be described with
reference to a light beam 131 shown in FIG. 4 and FIG. 4A.
FIG. 4A is an unfolded prism diagram illustrating prism 120
shown in FIG. 4. Prism 120 should be oriented with respect
to light beam 131 such that light beam 131 output from lens
118 enters side 132 at an angle normal (i.e. 90 degrees) to the
surface of side 132, as shown in FIG. 4. Light beam 131
proceeds through prism 120 a distance C until it is reflected
at surface 134 due to total internal reflection and an angle of
incidence of 6 degrees. The angle of incidence is greater
than the critical angle, measured with respect to the normal
of surface 134, resulting in total internal reflection of light
beam 131. Light beam 131 proceeds through prism 120 a
distance D until it is reflected by mirrored surface 136. Light
beam 131 then proceeds to surface 134 a distance E at an
angle normal to the surface of side 134 where it exits prism
134. For a required total optical path length TPL through
prism 120:

[0048] A A required vertical clear aperture plus mar-
gin

Total Path Length TPL=C+D+E
[0049]

A-sin(z—O)
L —sin 5 - )

C—(B+A]t [4
= 5a‘n
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G=(A+B)-sin 0

K=(A+B)-cos 0
[0050] The prism 120 dimensions are determined by
(A+B), (H+K), and L. Portions of prism 120 not utilized by
the optical path of light beam 131 are removed to reduce size
and weight.

[0051] Ahigh index of refraction is required to support the
total internal reflection of light at such small incidence
angles at the second surface. In this case, LAH78 manufac-
tured by Hoya is used as the prism material. However, stray
light from the display or media at angles of incidence lower
than the critical angle have potential to pass directly to the
camera, possibly degrading the image. This can be mini-
mized by tilting the camera package, increasing the index, or
changing to a lower laser wavelength.

[0052] In an alternative embodiment, a rhomboid prism to
fold the optical path. Referring to FIG. 5, a rhomboid prism
710 is used to fold the optical path. The manner in which
rhomboid prism 710 is used to optically fold the reconstruc-
tion beam will now be described with reference to a light
beam 711 shown in FIG. 6. Prism 710 should be oriented
with respect to light beam 711 such that the light beam
output from lens 118 enters side 712 at an angle normal (i.e.
90 degrees) to the surface of side 712, as shown in FIG. 6.
Light beam 711 proceeds through prism 710 until it is
reflected 90 degrees at mirrored surface 714 resulting from
an angle of incidence of 45 degrees. Light beam 711
proceeds through prism 710 until it is reflected by mirrored
surface 716. Light beam 711 then proceeds to surface 718 at
an angle normal to the surface of side 718 where it exits
prism 710. Light beam 711 then proceeds at normal inci-
dence to the camera package 722, which has been appro-
priately positioned for normal incidence to occur.

[0053] Use of rhomboid prism 710 does not suffer poten-
tial degradation of an image due to stray light from the
display or media at angles of incidence lower than the
critical angle passing directly to the camera. In a further
embodiment of the invention, rhomboid prism is rotated to
correct image misalignments at the camera. Rotation of
rhomboid prism 710 around the optical axis at the input face
results in translation of the image on the camera in a
direction parallel to the face of the camera. Rotation of
rhomboid prism 710 about an axis parallel to the first face
results in translation of the image on the camera in a
direction orthogonal to the axis.



US 2003/0156307 Al

[0054] In an alternative embodiment, a Schmidt prism to
fold the optical path. Referring to FIG. 7, a Schmidt prism
810 is used to fold the optical path. The Schmidt prism has
a first surface 826, second surface 828, and third surface
830. Third surface 830 is a mirrored surface. The manner in
which Schmidt prism 810 is used to optically fold the
reconstruction light beam will now be described with ref-
erence to a light beam 827 shown in FIG. 7. Schmidt prism
810 should be oriented with respect to light beam 827 such
that light beam 827 output from lens 118 enters side 826 at
an angle normal (i.e. 90 degrees) to the surface of side 826,
as shown in FIG. 7. Light beam 827 proceeds through prism
810 until it is reflected 90 degrees at surface 828 due to total
internal reflection and an angle of incidence of 45 degrees.
Light beam 827 proceeds through prism 810 until it is
reflected by mirrored surface 130. Light beam 830 then
proceeds until it is reflected at surface 826 due to total
internal reflection. Light beam then proceeds to surface 828
at an angle normal to the surface of side 828 where it exits
prism 812. The Schmidt prism allows the camera to be
placed parallel to the drive envelope, reducing space require-
ments. Thus, as a result of the three reflections, the total
optical path length traveled by the object beam from the lens
118 through the Schmidt prism 810 to the camera is equal to
the back focal length BFL, of lens 118.

[0055] In a further embodiment of the invention, Schmidt
prism 810 is rotated about the optical axis to produce
rotation of the image on the camera, allowing for correction
of image misalignments or rotation errors in the image at the
camera. Translation of the Schmidt prism 810 along an axis
parallel to the plane of incidence with respect to surface 828
results in translation of the image on the camera in a
direction parallel to the face of the camera.

[0056] All of the imaging system light beam folds occur in
the plane of incidence with respect to the holographic
storage media 116. Folding in the plane of incidence avoids
interference with the mechanical hub required for rotating
the media. Additionally, by placing the imaging and refer-
ence arms in the same plane of incidence, storage density in
a disk is increased. The folding and rectangular modifica-
tions to the lenses allow for this increased storage density.

[0057] In a further embodiment of the invention, fourier
transform lens 114 and lens 118 are modified to either a
rectangular lens aperture or a ruled lens physical aperture.
Lens 114 and lens 118 can be modified by milling the lens
edges. Such modification provides additional packaging
room by reducing the physical size of the lens. In an
embodiment of the invention, SLM 110 has a rectangular
active area with aspect ratio of 10:6. The holographic system
is configured so that a long axis of the SLM 110 is parallel
to the plane of the holographic storage media 116 media
(landscape mode) instead of the short axis (portrait mode).
In such a configuration, fourier transform lens 114 and 118
are cut with rectangular or ruled clear apertures and oriented
such that they provide more clearance from holographic
storage media 116. Referring to FIG. 8, a rectangular
aperture 402 is shown. Referring to FIG. 9, a ruled lens
physical aperture 404 is shown. Illustrated in FIGS. 8 and
9 are simulation results of SLM output beams 406 mapping
the clear aperture to determine the smallest physical aperture
that can be implemented so that all possible beams will pass
through the lens. The extra clearance provides additional
space for packaging the mechanical lens housings and space
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for the reference beam optics. In addition, the additional
space allows for larger scan beam angles during multiplex-
ing, yielding higher storage densities.

[0058] Having described the invention in terms of a pre-
ferred embodiment, it will be recognized by those skilled in
the art that various types of general purpose optical hard-
ware may be substituted for the configuration described
above to achieve an equivalent result. For example, the
embodiments discussed herein include descriptions of par-
ticular optical elements. It will be apparent to those skilled
in the art that modifications and variations of the preferred
embodiment are possible, and that other optical elements
may be used to perform equivalent functions, all of which
fall within the true spirit and scope of the invention as
measured by the following claims.

1. A system for recording and reading out holograms in a
storage medium comprising:

a pattern encoder;

a first fourier transform lens with a focal length f,;

a second fourier transform lens with a focal length f,;
a detector array;

a first prism located between the pattern encoder and the
first fourier transform lens, wherein the optical length
between the pattern encoder and the first fourier trans-
form lens through the first prism is equal to a back focal
length BFL,; and

a second prism located between the second fourier trans-
form lens and the detector array, wherein the optical
path length between the second fourier transform lens
and the detector array through the second prism is equal
to a back focal length BFL,.

2. The system of claim 1, further comprising a third prism
located between the pattern encoder and the first prism,
wherein the optical path length between the pattern encoder
and the first fourier transform lens through the third prism
and the first prism is equal to a back focal length BFL,.

3. The system of claim 2, wherein the third prism com-
prises:

a primary prism for receiving an unencoded light beam
and directing the light beam to the pattern encoder; and

an auxiliary prism bonded to the primary prism, wherein
a portion of the bonded primary prism and auxiliary
prism form a cube or rectangular shape.

4. The system of claim 3, wherein the primary prism
comprises a surface which acts as a polarizing beam-splitter.

5. The system of claim 3, wherein the primary prism is a
total internal reflection prism.

6. The system of claim 4, wherein the surface contains a
dielectric coating which reflects s-polarized light and trans-
mits p-polarized light.

7. The system of claim 4, wherein the surface contains a
wire grid polarizer.

8. The system of claim 3, wherein the primary prism and
the auxiliary prism have the same index of refraction.

9. The system of claim 3, wherein the primary prism and
auxiliary prism are bonded with an optically transparent
glue.

10. The system of claim 1, wherein the optical path
between the pattern encoder and the first fourier transform
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lens is folded in the first prism, and the optical path between
the second fourier transform lens and the detector is folded
in the second prism.

11. The system of claim 1, wherein the second prism is a
total internal reflection prism.

12. The system of claim 1, wherein the second prism is a
rhomboid prism.

13. The system of claim 12, wherein the rhomboid prism
is rotated to correct for translation errors in the image at the
camera.

14. The system of claim 1, wherein the first prism is a
Schmidt prism.

15. The system of claim 1, wherein the second prism is a
Schmidt prism.

16. The system of claim 15, wherein the Schmidt prism is
rotated to correct for rotation errors in the image at the
camera.

17. The system of claim 1, wherein the first fourier
transform lens and the second fourier transform lens are in
a 4-F configuration, separated by the sum of a front focal
length FFL, and a front focal length FFL,.

18. The system of claim 1, wherein the pattern encoder
comprises a spatial light modulator.

19. The system of claim 1, wherein the detector comprises
a charge coupled device.

20. The system of claim 1, wherein the detector comprises
a CMOS detector array.

21. The system of claim 1, wherein the first fourier
transform lens or the second fourier transform lens have a
rectangular lens aperture or a ruled lens physical aperture,
allowing for larger scan beam angles.

22. A method for directing an object beam in a holo-
graphic system to a storage medium comprising:

encoding an object beam with data utilizing a pattern
encoder;

directing the encoded object beam to a fourier transform
lens with focal length f; from the pattern encoder
through a prism, wherein the optical path length
between the spatial light modulator and the fourier
transform lens through the prism is equal to a back
focal length BFL,;

fourier transforming the encoded object beam to a holo-

graphic storage medium located a distance equal to a

front focal length FFL, from the fourier transform lens.

23. The method of claim 22 further comprising, prior to
encoding the object beam:

directing an object beam to the pattern encoder through an
illumination prism, wherein the illumination prism
folds the optical path of the beam to direct the object
beam to the pattern encoder, and wherein the illumi-
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nation prism controls the polarization of the object
beam received by the pattern encoder.

24. The method of claim 22 wherein the pattern encoder
rotates the polarization of the object beam for a bright bit of
data, wherein the encoded object beam transmits through the
illumination prism to the fourier transform lens for a bright
bit of data, and wherein the pattern encoder does not rotate
the polarization of the object beam for a dark bit of data,
wherein the encoded object beam does not transmit through
the illumination prism to the fourier transform lens for a dark
bit of data.

25. The method of claim 22, wherein the optical path
length through the prism is equal to the sum of the optical
path length of the object beam travelling from a first surface
of the prism to a second surface of the prism, a second
surface to a third surface of the prism, the third surface back
to the second surface, wherein the object beam totally
internally reflects from the second surface, and the second
surface back to the third surface.

26. The method of claim 22, wherein the encoded object
beam is s-polarized relative to the holographic storage
medium.

27. A method for directing a reconstruction beam in a
holographic system to a detector array comprising:

directing a reconstruction beam from a holographic stor-
age medium to a fourier transform lens with focal
length £,; and

fourier transforming the light beam to a detector array
located a distance equal to a back focal length BFL,
from the fourier transform lens, wherein the light beam
is directed from the fourier transform lens to the
detector array through a prism, wherein the optical path
length between the fourier transform lens and the
detector array though the prism is equal to a back focal
length BFL,.

28. The method of claim 23, wherein the optical path
length through the prism is equal to the sum of the optical
path length travelling from a first surface of the prism to a
total internal reflection second surface, the total internal
reflection second surface to a third surface, and the third
surface back to the total internal reflection second surface,
wherein the angle of incidence from the third surface to the
total internal reflection second surface is lower than the
critical angle.

29. The method of claim 24, wherein the optical path
length through the prism is equal to the sum of the optical
path length of a light beam travelling from a first surface of
the prism to a second surface, the second surface to a third
surface, and the third surface to a fourth surface.
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